Heterostructured nanocomposites offer promise for creating systems exhibiting functional properties that exceed those of the isolated components. For solar energy conversion, such combinations of semiconducting nanomaterials can be used to direct charge transfer along pathways that reduce recombination and promote efficient charge extraction. However, interfacial energetics and associated kinetic pathways often differ significantly from predictions derived from the characteristics of pure component materials, particularly at the nanoscale. Here, the emergent properties of TiO 2 /BiVO 4 nanocomposite photoanodes are explored using a combination of X-ray and optical spectroscopies, together with photoelectrochemical (PEC) characterization. Application of these methods to both the pure components and the fully assembled nanocomposites reveals unpredicted interfacial energetic alignment, which promotes ultrafast injection of electrons from BiVO 4 into TiO 2 . Physical charge separation yields extremely long-lived photoexcited states and correspondingly enhanced photoelectrochemical functionality. This work highlights the importance of probing 2 emergent interfacial energetic alignment and kinetic processes for understanding mechanisms of solar energy conversion in complex nanocomposites.
Introduction
Photoelectrochemical (PEC) systems, in which solar energy is captured and converted into stored energy in chemical bonds, offer promise for production of renewable and sustainable fuels. [1, 2] Such artificial photosystems are investigated for the generation of hydrogen via water reduction or carbon-based fuels via carbon dioxide reduction. These reduction reactions often occur at p-type semiconductor photocathodes, a variety of which are actively investigated. [3, 4] Regardless of the desired product, efficient and stable photoanodes are required to drive the water oxidation half reaction. These n-type semiconductors must possess bandgaps that are suitable for harvesting solar radiation, band edge positions that support the generation of large photovoltages, and (photo)chemical stability under strongly oxidative conditions. In addition, photogenerated charge carriers must be efficiently separated in these materials and transported across their interfaces. At present, no single material possesses a suitable combination of properties to meet all of these requirements. [3] To overcome this critical materials gap, nanocomposite photoanode architectures are particularly attractive since they provide the opportunity to assemble different materials with combinations of desired properties into heterostructures with appropriate length scales to achieve improved functionality. Despite this promise, the internal mechanisms governing energetics and kinetics of charge separation and extraction in complex nanostructured materials are frequently unknown. Indeed, predictions of behavior derived from pure compound properties cannot account for emergent phenomena that govern function in many mixed phase nanosystems. In this work, we use a combination of X-ray and optical spectroscopic methods, together with PEC measurements, to probe fundamental charge transport and recombination pathways in heterostructured nanocomposites of titanium dioxide and bismuth vanadate (TiO 2 /BiVO 4 ).
Our approach is to directly probe optoelectronic processes in fully assembled systems, which 3 reveals significant deviations from predictions based on measurements of the individual material constituents. In addition to resolving conflicting mechanistic assignments of function in TiO 2 /BiVO 4 nanocomposites, this work establishes a general methodology for understanding charge transport and recombination pathways in complex semiconductor nanosystems. Knowledge of such mechanisms will be critical for the rational design of a next generation of heterostructured nanocomposites for improved solar energy utilization.
Among semiconductors investigated as photoanodes, transition metal oxides have attracted considerable interest due to their potential for improved stability relative to main group semiconductors under oxidative conditions. Monoclinic scheelite BiVO 4 is a prototypical example of a transition metal oxide that possesses both desirable and undesirable properties for PEC energy conversion. [3, 5] It has a moderate bandgap of 2.5 eV and an energetically low-lying valence band position. [6, 7] However, it suffers from exceptionally small majority carrier mobilities due to formation of electron small polarons, [8] [9] [10] photochemical instabilities associated with localization of holes near its surface, [11] and relatively slow injection of holes across the semiconductor/electrolyte interface. While incorporation of a catalyst on the surface can improve stability and increase OER activity, reducing photocarrier recombination in the material calls for strategies to promote physical charge separation and electron extraction.
In recent years, significant progress has been made in improving the PEC performance characteristics of BiVO 4 by interfacing it with larger bandgap metal oxides possessing favorable electron transport properties, typically in nanostructured composites. Most notably, BiVO 4 /WO 3 heterostructures have yielded large photocurrent densities, above 5.3 mA cm -2 at 1.23 V vs. the reversible hydrogen electrode (RHE), [12] which approach the theoretical saturation current density limit of 6.2 mA cm -2 for a 2.5 eV bandgap semiconductor. This improvement is expected based on the known band positions of the two materials, which allow for selective injection of electrons from the conduction band (CB) of BiVO 4 into that of WO 3 . In appropriately designed nanocomposites, electron injection can occur in the ps time regime, which suppresses recombination and enables photo-generated holes in BiVO 4 to persist for times on the order of a second. [13] While photocurrent densities achieved with WO 3 /BiVO 4 systems are impressive, the pH stability windows for WO 3 However, limited evidence for these mechanisms was provided in each of these studies and conclusions were often based on assumptions regarding properties of the isolated pure phase materials. Despite the lack of consistent experimental conclusions and the discrepancy between prediction and observation, direct measurement of junction energetics and charge 5 transfer kinetics in fully assembled composites remains lacking. [24] Understanding the surprising behavior that emerges in TiO 2 /BiVO 4 heterostructures is important for maximizing performance in this system and, more broadly, for identifying emergent phenomena in heterostructured nanocomposites that are expected to play a central role in meeting the demanding requirements associated with PEC energy conversion. A Gamry Reference 600 potentiostat was used in combination with a three-electrode electrochemical cell to maintain the sample at the reported potentials and to measure the current of the photoanode. The IPCE was then calculated based on the following formula:
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Materials
where J ph is the measured photocurrent density in mA/cm 2 , I i is the incident light intensity in mW/cm 2 , and λ is the incident photon wavelength in nm. Wide-angle XRD: XRD was performed using a Bruker D8-Advanced X-ray diffractometer equipped with a GADDS area detector operating at Cu-Kα wavelength of λ= 1.54 Å. Samples were prepared by drop casting NCs on silicon substrates.
Trasmission electron microscopy (TEM)
:
X-ray photoelectron spectroscopy (XPS): XPS was performed using a monochromatized Al
Kα source (hν = 1486.6 eV), operated at 15 W, on a Kratos Axis Ultra DLD system at a 8 takeoff angle of 0° relative to the surface normal and a pass energy for narrow scan spectra of 20 eV, corresponding to an instrument resolution of approximately 600 meV. and averaged for each measurement. Finally, the data was averaged logarithmically in time.
Transient absorption spectroscopy (TAS):
Photoluminescence (PL):
PL measurements were performed on a custom-built setup.
Temperature control was achieved using a 10 K closed cycle He cryostat (Janus Research   9 Company, Wilmington, MA, USA) equipped with a temperature controller (Model 335, Lake Shore Cryotronics, Inc., Westerville, OH, USA). PL spectra were recorded using an Andor spectrometer equipped with a 600 lines mm -1 grating with 500 nm blaze under 340 nm excitation using a Coherent OPerA Solo optical parametric amplifier pumped with a Coherent Libra amplified Ti:S system. Wavelength calibration was performed with a Hg calibration lamp and correction for the spectral response of the setup was achieved using a 45 W NISTtraceable quartz tungsten halogen light source with known color temperature.
Results and Discussion
Formation of Heterostructured TiO 2 /BiVO 4 Nanocomposite Films
Recently, we reported a versatile approach to formation of multicomponent oxides, as well as heterostructured nanocomposites composed of different metal oxide semiconductors. [13] Here, we take advantage of the synthetic flexibility afforded by this method to fabricate and 
Photoelectrochemical Performance Characteristics
The PEC performance characteristics of nanocomposite film, along with the pure component films, deposited on degenerately-doped p ++ Si were evaluated by measuring the photocurrent density as a function of applied electrochemical potential (J-E), as shown in [3] it is important to note that the present work is devoted to foundational understanding of interfacial energetics and charge transfer processes and we have not attempted to optimize film thickness, phase ratio, or component length scales. Given the modular and tunable nature of this synthetic route to heterostructured nanocomposites, there is significant future opportunity for improving function.
In agreement with the J-E characteristics, the incident-photon-to-charge efficiency (IPCE), unlikely. In such a scenario, the charge transfer would only occur if photogenerated electrons were excited to higher energies in the CB of BiVO 4 and were to transfer before relaxation to the CB edge. Due to the additional energy required to overcome such an energy barrier at the interface, it would be expected that a hot carrier-based mechanism would lead to an additional step-like increase of IPCE at shorter wavelengths, which is not observed experimentally.
Furthermore, we note that for such a Type I band alignment, back electron transfer from TiO 2
to BiVO 4 would be energetically favored and would compete with electron extraction to the underlying electrical contact. Together, the J-E and IPCE characteristics suggest Type II band alignment in the nanocomposite film, in contrast to initial expectations based on literature values for the electron affinities of the two materials.
Interface Energetics in Nanoscale Composites
In order to understand the mechanism of PEC performance enhancements in the Considering that both the BiVO 4 and TiO 2 used in this study are moderately n-type, depletion widths associated with heterojunction formation would be significantly larger than the nanoparticle dimensions. Furthermore, annealing of the assembled heterostructured nanocomposites is expected to strongly modify the interfacial properties. As such, it is not possible to accurately describe the band alignment from measurement of the pure materials in isolation. Nevertheless, we note that ideal heterojunctions between bulk equivalents of these materials should be characterized by downward (upward) band bending on the BiVO 4 (TiO 2 ) side of the interface. As a consequence, barriers to both electron and hole injection from 
where the � Ti 2 3/2 
Defects and Photocarrier Recombination
Photoluminescence (PL) spectroscopy was used to provide additional insight into charge transfer and recombination in TiO 2 /BiVO 4 nanocomposites. We note that, although analyses of PL intensities are commonly used to draw conclusions regarding charge separation and extraction, significant care must be taken when comparing absolute intensities measured from different films and particle assemblies. To avoid erroneous interpretations, we focus on changes of PL spectral weight and features, rather than absolute intensity changes. PL measurements were performed on films of pure TiO 2 , pure BiVO 4 , and TiO 2 /BiVO 4 nanocomposites. Room temperature PL was weak from all films, indicating that photocarrier recombination is dominated by non-radiative transitions. Therefore, all measurements were performed at 13 K. Figure 5 shows normalized PL spectra obtained using a 340 nm (3.65 eV) pump beam, which allows band-to-band excitation in both TiO 2 and BiVO 4 . In the pure TiO 2 film, three major peaks, centered at approximately 440 nm, 500 nm, and 540 nm, are observed ( Figure   S3 ). These spectral features are consistent with prior reports of PL from anatase TiO 2 and can be assigned to radiative recombination of self-trapped excitons in the bulk (440 nm) and of surface-trapped holes with conduction band electrons (500 nm, 540 nm). [47, 48] Very little spectral intensity is observed near 650 nm, which would be the expected position for radiative recombination of surface-trapped electrons with valence band holes. [47, 48] For the case of the pure BiVO 4 film, a broad peak near 700 nm is observed, which has been assigned to radiative recombination at bulk oxygen vacancy sites. [36] PL from the TiO 2 /BiVO 4 nanocomposite film is characterized by broad spectral emission.
The spectrum is dominated by emission from surface-trapped electrons (490 -570 nm) and holes (650 nm) at TiO 2 surfaces or interfaces. Importantly, the relative PL intensity from radiative recombination of self-trapped excitons within the TiO 2 and from oxygen vacancy defects within the BiVO 4 is significantly suppressed relative to recombination at surfaces or interfaces. This finding is consistent with the experimentally-determined band alignment, which favors charge separation in both components of the nanocomposites, with electrons from BiVO 4 injected into TiO 2 and holes from TiO 2 injected into BiVO 4 . The apparent suppression of PL emission from inside of the nanoscale materials highlights the benefit of creating a heterostructured system to separate charge carriers before recombination can occur.
However, the recombination processes associated with trapped electrons and holes at interfaces directly contribute to efficiency loss in the assembled system. Such loss processes, which are consistent with the finding of relatively low IPCE values, point to future opportunities for engineering interfaces in order to improve efficiency.
Charge Transfer and Recombination Kinetics
In order to investigate the kinetics of charge separation and recombination, transient absorption (TA) spectroscopy was performed on BiVO 4 -based nanocomposites and results were compared to pure BiVO 4 nanoparticle films. For reference, steady-state UV-Vis absorption spectra are provided in the Supporting Information ( Figure S4 ). We note that no 
Conclusion
We have demonstrated that heterostructured TiO 2 /BiVO 4 nanocomposites exhibit enhanced photoelectrochemical performance relative to the pure phase components and found that this 
